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1. Introduction 
Diluted magnetic semiconductor (DMS) is expected to play an important role in 
interdisciplinary materials science and future spintronics because charge and spin degrees of 
freedom are accommodated into single matter and their interplay is expected to explore novel 
physics and new devices. Among them, Mn-doped II-VI [1] and III-V [2] compound 
semiconductors have been extensively studied. The former include a variety of compounds 
consisting of various combinations of II-group cations (Zn, Cd, and Hg) and VI-group anions (S, 
Se, and Te), some of which have been applied to magneto-optical devices [3]. On the other hand, 
the latter can be ferromagnetic materials, where one can control the ferromagnetic properties with 
electric field or light and one can inject spin-polarized carriers into heteroepitaxial semiconductor 
device [4-6]. However, the ferromagnetic Curie temperature TC has been much lower than room 
temperature, e.g. TC ~110 K in (Ga,Mn)As, hence new DMS having TC beyond room temperature 
is desired for future devices.  
Generally, oxide semiconductors have wide bandgap, i.e. transparent for visible light, and 
can be doped heavily with n-type carrier. This feature serves an important role as transparent 
conductor that is used for various applications [7]. From the viewpoint of DMS, this feature can 
be promising for strong ferromagnetic exchange coupling between localized spins due to carrier 
induced ferromagnetism such as Ruderman-Kittel-Kasuya-Yosida interaction and double 
exchange interaction when localized spin is introduced in the oxide semiconductor. This situation 
prompted us to make oxide-based DMS based on a representative oxide semiconductor ZnO [8]. 
However, our intensive research on combinatorial thin film preparation revealed that none of 
transition metal (TM) doped ZnO was ferromagnetic down to ~3 K [9,10], whereas band 
calculation studies suggested the possible ferromagnetism in case of p-type ZnO host [11-13]. On 
the other hand, we have found that Co-doped TiO2 is ferromagnetic for both anatase and rutile 
phases above room temperature [14,15]. Our efforts to explore transparent ferromagnet triggered 
intensive research in this field by many other groups employing traditional, i.e. not combinatorial, 
thin film growth techniques. Some of them reveal important characteristics of this class of 
materials, whereas some claim ferromagnetism through rather crude characterization of their 
specimens. Here, we overview a short history of oxide-based DMS to reexamine various 
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characterization techniques which have been frequently exploited to claim ferromagnetic 
oxide-based DMS and to propose much better analysis to make the claims clear.  
 
2. DMSs based on various oxide semiconductors 
There are many non-oxide semiconductors. Compared to them, the advantages of oxide 
semiconductors are: (1) wide bandgap suited for applications with short wavelength light, (2) 
transparency and dyeability with pigments, (3) high n-type carrier concentration, (4) capability to 
be grown at low temperature even on plastic substrate, (5) ecological safety and durability, (6) 
low cost, etc. In addition, large electronegativity of oxygen is expected to produce strong p-d 
exchange coupling between band carriers and localized spins [16]. Such advantages make oxide 
semiconductors attractive. Actually, many studies on oxide-based DMS have been reported as 
summarized in Table 1, where most of the researches employed ZnO and TiO2 as host 
semiconductors.  
a. ZnO  
After the first study of Mn-doped ZnO [8], many studies on ZnO doped with various kinds 
of TMs have been reported. However, the claims concerning the existence of ferromagnetism 
have diverged. Several studies claim nonferromagnetic behavior of ZnO doped with TM 
[8-10,17,18], whereas the other groups claim ferromagnetic behavior of the same compounds 
[19-27]. The reported values of TC scatter from 30 K to 550 K.  
b. TiO2  
The anatase and rutile phases of Co-doped TiO2 were reported to be ferromagnetic as the 
first trial of these compounds [14,15]. Several subsequent reports agree with the results [28-31], 
whereas the other studies report that the precipitation of Co metal is the origin of ferromagnetic 
signal [32-34]. There have been few reports on the definite value of TC because TC is too high to 
be measured by conventional tools such as magnetometer employing superconducting quantum 
interference devices (SQUID). Doping of TM elements except for Co has been scarcely reported.  
c. SnO2  
Mn-doped SnO2 shows a large magnetoresistance and the magnetization behavior is 
paramagnetic down to 5 K [35]. There have been very few reports on this compound so far.   
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3. Experimental evidences for ferromagnetism in oxide-based DMS 
a. Extrinsic effects 
There has been controversy on the magnetic properties of oxide-based DMS as stated above. 
Most probable reason is originated from insufficient characterization of the samples. Deduction 
of magnetic property only from magnetization measurements without careful examination of 
possible extrinsic effects, such as ferromagnetic precipitate and impurity phase, often misleads us 
into creating unidentified ferromagnetic oxides (UFO). In order to evaluate the magnetism 
correctly, various characterization techniques have to be employed. Table 2 shows a list of 
characterization techniques to eliminate UFO. X-ray diffraction measurement is indispensable to 
detect impurity phases, but the sensitivity may not be good enough to identify a small amount of 
precipitation in the sample. Such precipitation can be detected with other techniques. Scanning 
electron microscope and reflection high energy electron diffraction can examine the precipitation 
at the sample surface and transmission electron microscope can even identify the precipitation in 
the sample on the scale of nanometer. Electron probe microanalysis and secondary ion mass 
spectrometry examine uniformity of dopant distribution along lateral and perpendicular directions 
of the sample, respectively. Most of the papers in Table 1 have been reported with employing 
only part of these techniques.  
b. Magnetic properties  
Ferromagnetic DMS has various properties, some of which are unique for identification of 
the ferromagnetism in oxide-based DMS. Table 3 shows various characterization techniques for 
magnetic properties to identify ferromagnetism to eliminate UFO. Conventional DMS has TC that 
depends on carrier concentration and content of TM ion. Hence the magnetization measurements 
for samples with systematically varied parameters should give systematic variation of TC. 
Regular pattern of magnetic domain structure on the scale of submicrometer is an evidence of 
spatially uniform ferromagnetism ruling out the possibility of randomly distributed ferromagnetic 
precipitation.  
Magneto-optical spectroscopy probes the magneto-optical signal as a function of photon 
energy. Particularly, magnetic circular dichroism (MCD) spectroscopy is useful for thin film 
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study because effect of substrate on the spectrum is negligible contrary to magnetization 
measurement [36]. The MCD signal is generally enhanced at the absorption edge of host 
semiconductor of DMS [37-39], as a result of carrier mediated exchange interaction between 
localized spins. Figure 1(a) shows the absorption spectrum at 300 K and MCD spectrum at 5 K 
for Co-doped ZnO. The MCD signal appears at the bandgap (3.4 eV) and d-d transition of Co2+ 
ion (~2 eV), representing proper substitution of Co ion with Zn site. The MCD signal is 
proportional to applied magnetic field indicating paramagnetic behavior. One of the groups 
reported ferromagnetic Co-doped ZnO based on solely magnetization measurement [19]. 
However, MCD spectrum of their sample was large for wide range of photon energy without 
change in sign. Such behavior is similar to ferromagnetic metal. This feature concludes that the 
ferromagnetism in their Co-doped ZnO is most likely caused by ferromagnetic precipitation [40]. 
Figure 1(b) shows absorption and MCD spectra for Co-doped anatase TiO2 at 300 K. The MCD 
signal is negative around ~2 eV and positive around 3.5-4.5 eV with a peak at 3.57 eV around the 
bandgap showing ferromagnetic hysteresis for each photon energy. This feature is different from 
that of Co metal. Thus, the possibility of bulk precipitation of Co metal can be excluded.  
As for magnetotransport properties, ferromagnetic DMS such as Ga1-xMnxAs shows 
anomalous Hall effect. On the other hand, Mn-doped ZnO with high carrier concentration shows 
hysteretic magnetoresistance below 0.2 K implying ferromagnetic ordering, where anomalous 
Hall effect is not seen [41]. The anomalous Hall effect or the hysteretic magnetoresistance seems 
to be an evidence of ferromagnetism, whereas the appearance of anomalous Hall effect or 
hysteretic magnetoresistance has not been reported for Co-doped TiO2. The tunneling 
measurement such as tunneling magnetoresistance in ferromagnetic tunneling junction [42] and 
differential tunneling current spectroscopy of tunneling junction with superconducting 
counter-electrode [43] can be used to evaluate spin polarization of the sample that has to be 
different from the possible ferromagnetic precipitation.  
It is noted that the above magnetic properties are not necessarily required because those are 
mainly deduced from the studies of typical compound semiconductors having zinc blend or 
wurtzite crystal structures, where the physics has been understood deeply. The oxide-based 
DMSs have various crystal structures, hence they have various energy band structures. Therefore, 
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it might not be strange that the magnetic properties of oxide-based DMS are different from those 
of conventional DMS.   
 
4. Conclusion and remarks 
The research field of oxide-based DMS is rapidly growing up and many kinds of 
compounds have been reported. For further progress in this field, minimum requirements are the 
fabrication of high quality sample, its detail characterization, and the elucidation of origin of 
observed ferromagnetism as described in this paper, otherwise confusion would emerge to 
prohibit the advance. After the identification of true ferromagnetic oxide-based DMS with high 
TC, there are various applications. The most attractive feature is the wide bandgap and 
transparency. It is compatible with blue or ultraviolet laser recently developed, thus 
magneto-optical application with short wavelength is promising. The oxide semiconductor can be 
grown on glass or plastic substrate, hence drastic reduction of fabrication cost is possible. Several 
compounds might have biocompatibility so that an application to biotechnology could be 
expected. Finally, there are a few p-type oxide semiconductors and no report on p-type 
ferromagnetic oxide-based DMS. Materials design and synthesis of such compounds would make 
transparent spintronics more attractive and feasible.  
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Figure captions 
 
Fig. 1.  (a) Absorption (dotted line) and MCD (solid line) spectra for Co-doped ZnO (001) 
epitaxial thin films on sapphire (001) substrates. Co content and measurement temperature are 5 
mol% at 300 K and 1 mol% at 5 K, respectively. Both spectra around d-d transition of Co2+ ion 
are magnified. (b) Absorption (dotted line) and MCD (solid line) spectra for Co-doped anatase 
TiO2 (001) epitaxial thin film on LaSrAlO4 (001) substrates. Co content and measurement 
temperature are 10 mol% at 300 K. Applied magnetic field is 104 Oe for MCD measurement.  
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Table 1  
List of oxide-based DMSs recently reported. 
Compound TM cont. Substrate Fabrication 
method 
Growth 
temp. 
[ºC] 
Oxygen 
pressure 
[Torr] 
Post- 
annealing 
Tc [K] Notes Ref.
ZnO:Mn < 0.35 c-sapphire PLD 600 5×10-5  N/A  [8]
ZnO:Mn 0.36 c-sapphire PLD 600 5×10-5  N/A spin-glass [9]
Zn1-xTMxO  c-sapphire PLD 500-600 1×10-9-10-6  N/A  [10]
ZnO:Co 0.02-0.5 c-sapphire PLD 300-700 1×10-6-10-1  N/A spin-glass [17]
ZnO:Mn 0.01-0.36 c-sapphire PLD 610 5×10-5   paramagnetic [18]
ZnO:(Co,Mn,Cr, 
or Ni) 
0.05-0.25 r-sapphire PLD 350-600 2-4×10-5  280-300 2µB/Co [19]
ZnO:Ni 0.01-0.25 c-sapphire PLD 300-700 1×10-5   superpara- or 
ferro-magnetic 
[20]
ZnO:V 0.05-0.15 r-sapphire PLD 300 10-5-10-3  > 350 0.5µB/V [21]
ZnO: (Co,Fe) < 0.15 SiO2/Si magnetron 
sputtering 
600 2×10-3 600ºC, 
10min, 
1.0×10-5Torr
> 300 12-15emu/cm3 [22]
ZnO:Co 0-0.25 c-sapphire sol-gel < 350  700ºC, 1min > 350 0.56µB/Co  [23]
ZnO:Mn 0-0.3 c-sapphire PLD    > 30-45 0.15-0.17µB/Mn [24]
ZnO:(Fe,Cu) 0-0.1  solid state 
reaction 
897   550 0.75µB/Fe [25]
ZnO:(Co,Al) 0.04-0.12 glass RF 
sputtering 
 1×10-2 in Ar  > 350 0.21µB/Co [26]
ZnO:(Mn,Sn) 0-0.3  implantation   5 min, 700ºC 250  [27]
anatase TiO2:Co < 0.08 LaAlO3 
SrTiO3 
PLD 677-727 1×10-6-10-5  > 400 0.32µB/Co [14]
anatase TiO2:Co 0.01-0.1 SrTiO3 OPA-MBE 550-750 2×10-5  > 300 1.26µB/Co [28]
anatase TiO2:Co 0.01-0.1 Si sputtering 250-450 5×10-5-3×10-4  > 400 0.94µB/Co [29]
anatase TiO2:Co 0.03-0.12 SiO2/Si MOCVD 400-500 1 700ºC, 1h,  
1.0×10-6 Torr
> R.T. 20-40emu/cm3 [30]
anatase TiO2:Co 0-0.15 LaAlO3 
SrTiO3 
PLD 700 1×10-5-10-4  650-700 1.4µB/Co [31]
anatase TiO2:Co 0.04 SrTiO3 PLD 600 1×10-7-10-4   Co metal 
1.7-2.3µB/Co 
[32]
anatase TiO2:Co 0.01-0.07 LaAlO3 
SrTiO3 
PLD 750 1×10-3   Co cluster 
1.7µB/Co 
[33]
anatase TiO2:Co 0.04-0.1 LaAlO3 PLD 650 10-6-10-5 400ºC, 
20min, 10-6 
Torr 
 Co cluster 
1.55µB/Co 
[34]
rutile TiO2:Co 0-0.05 r-sapphire PLD 700 1×10-6  > 400 1µB/Co [15]
SnO2:(Mn,Sb) 0.05-0.34 r-sapphire PLD 300-600 1×10-2  N/A paramagnetic [35]
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Table 2   
Characterization techniques to examine the sample quality. 
Method Purpose 
X-ray diffraction Impurity phase 
Scanning electron microscope  
Reflection high energy electron diffraction 
Surface precipitation 
Transmission electron microscope Microscopic precipitation 
Electron probe microanalysis  
Secondary ion mass spectrometry 
Uniformity of composition 
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Table 3   
Various material properties and the expected results in case of ferromagnetic DMS. 
Method Expected result 
Magnetization measurements TC depends on carrier concentration and content of 
transition metal ion 
Magnetic domain observation Regular magnetic domain structure 
Magnetic circular dichroism Large signal at absorption edge 
Magnetotransport Anomalous Hall effect or hysteretic magnetoresistance
Tunneling measurements Spin polarization different from that of precipitation 
 
Fig. 1  T. Fukumura et al.
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